Abstract
Background -The diagnosis of asthma is based on several characteristics including symptoms and suitable tests of airway lability. However, it is neither clear to what degree various tests and symptoms identify the same subjects, nor how these characteristics are best combined to diagnose asthma. The interrelationships between physician-diagnosed asthma, asthma-like symptoms, and abnormal airway function, as defined by four commonly used tests, have therefore been assessed. Methods -A population based sample of 495 Danish schoolchildren aged [12] [13] [14] [15] years, comprising 292 randomly selected subjects and 203 subjects considered at risk of having or developing asthma, was examined. Symptoms and background information were recorded by questionnaire. The test panel consisted of baseline forced expiratory volume in one second (FEV,%), provocation with treadmill exercise (EXE) and with inhaled methacholine (PD15), and monitoring of peak expiratory flow (PEF) twice daily for two weeks.
Results -The sensitivity for diagnosed asthma was highest for PD15 followed by PEF monitoring, whereas specificity for asthma or asthma-like symptoms was marginally higher with the other two tests. Most symptomatic subjects with any positive test were identified by PD15 alone (75%) or in combination with PEF monitoring (89%). PEF variability was more susceptible to treatment with inhaled steroids than the PD15 index. Although intertest agreement was weak (K<0.40 for all pairs), significant associations were found between PD15 and EXE, PEF and EXE, and FEV1% and PD15.
Conclusions -The agreement between the four tests was weak. In particular, PEF variability and methacholine responsiveness seem to identify different varieties of airway pathophysiology. The combined use of methacholine provocation testing and PEF monitoring may be helpful as an epidemiological screening tool for asthma. (Thorax 1996; 51:503-509) Keywords: adolescence, asthma, lung function tests.
Asthma makes a major contribution to the general morbidity and health costs in children and young adults.'2 The reported prevalence rates of physician-diagnosed asthma differs considerably worldwide' due, to some extent, to differences in diagnostic practice and awareness.3 No gold standard exists for the diagnosis of asthma. A "physician independent" epidemiological definition of asthma based on the coexistence of recent wheeze and methacholine hyperresponsiveness has been suggested.6 Large international epidemiological studies comparing the prevalence rates of asthma, asthma-like symptoms, and airway responsiveness to methacholine in children7 and in adults8 are in progress. However, recent evidence indicates that tests widely used for the diagnosis of asthma, such as monitoring of peak expiratory flow (PEF)9'°and exercise testing,"' do not correlate well with inhalation provocation with methacholine or histamine in unselected subjects. Furthermore, a poor correlation between PEF variability and exercise responsiveness has been shown.'2 Thus, various tests may identify different varieties of the condition labelled asthma.
The present investigation was performed to evaluate the interrelationships between physician-diagnosed asthma, asthma-like symptoms, and abnormal airway behaviour assessed by PEF variability, responsiveness to methacholine and to exercise, and resting lung function in a comprehensive, population based sample of adolescents.
Methods

STUDY DESIGN
The Odense Schoolchild Study is a prospective multidisciplinary epidemiological study in a community based cohort of 1369 schoolchildren first investigated during their third school year in 1985-6. Details of the selection procedure have previously been published."
For the present study 495 children of Danish origin of 12-15 years of age were recruited from the original cohort. A sample of 292 (75-1% of eligible subjects) were drawn at random, whereas the remaining 203 subjects constituted a "risk group" characterised by a previous history of self-reported asthma, episodic wheezing or dyspnoea, "bronchitis", lung disease before the age of two years, allergic rhinitis, atopic eczema, or a family history of Siersted, Mostgaard, Hyldebrandt, Hansen, Boldsen, Oxhoj A McDermott bellows spirometer equipped with an x-y plotter was used initially but was replaced with a Vitalograph Compact pneumotachograph after 71% of the random sample had been examined. For daily calibration a tolerance of 3% was accepted, within which the two meters showed identical results. Forced expiratory volumes were measured in the standing position without a noseclip and reported at BTPS according to current recommendations.'5 During exercise or methacholine provocation forced expiration was interrupted after approximately two seconds to prevent exhaustion. The forced expiratory volume in the first second (FEVI) and the forced expiratory vital capacity (FVC) were expressed in percentages of predicted values derived from the reference group by log-linear regression analysis with backward elimination entering sex, age, standing height, weight, and the five puberty stages as independent variables. However, because FEV1 expressed as a percentage of FVC (FEV, %) had higher positive and negative predictive values for diagnosed asthma and for asthma-like symptoms, only FEV1% was used for further analysis.
TREADMILL EXERCISE PROVOCATION
Subjects exercised for six minutes with a noseclip on a 50 slope with individually adjusted speed to an intended final pulse rate of 180-190 bpm as measured by telemetry (Sport tester PE-3000, Polar Electro OY, Kempele, Finland). Subjects who did not maintain a final pulse rate of 170 bpm or more for at least two minutes (2-7% of tests) were excluded from analysis. FEV, was measured at 0-5, two, five, and 10 minutes after termination of exercise as the best of two accepted recordings. Subjects who experienced asthma symptoms, stethoscopic wheeze, or a reduction in FEV, of 10% or more (unless immediately reversed) after the exercise test were offered inhaled terbutaline (Bricanyl Turbohaler 0 5 mg) and were rescheduled for methacholine challenge on a separate day (8% of subjects). All other subjects spontaneously regained their baseline FEV, within a 100 ml margin before proceeding with the methacholine challenge. Results were expressed as the lowest FEVy obtained during the first 10 minutes after exercise as a percentage of the best pre-exercise value. The mean (SD) relative humidity was 49 (6 6)% at a mean (SD) room temperature of (1-4)°C. 
SAMPLE VALIDATION
To determine whether symptomatic subjects from the random sample and from the additional risk group presented with the same spectrum of symptoms, the proportion of subjects with any asthma-like symptom reporting each of the three specific symptoms (non-infectious cough, troubled breathing, or wheezing attacks) was compared between groups and no significant differences were found between the random sample (n = 63) and the risk group (n = 69). Similarly, we determined whether positive test results with each of the four tests were equally distributed in the two groups and found no significant difference between the proportion of subjects with PEF hypervariability, with positive exercise or methacholine provocation tests, or with low FEV1% in 59 random sample subjects and 49 subjects in the risk group. Thus, no difference in the distribution of individual symptoms and tests was found between subjects in the random sample and those in the risk group, indicating that they could be merged for further analysis. EFFECT In the sample studied 27-4% had current asthmalike symptoms and 10-4% had a diagnosis of asthma. Almost all diagnosed asthmatics (94-7%) reported asthma-like symptoms within the previous year. The prevalences of positive tests differed between tests and were 10-4% for PEF variability, 8-2% for exercise responsiveness, 14-8% for methacholine responsiveness, and 60% for low FEV1 %; 27 7% of the sample had one of the four tests positive. The overlap between positive test results, diagnosed asthma, and asthma-like symptoms differed between the four tests ( fig 1) .
As shown in oids, in which case the trend was also significant with the exercise test (p=0 02). Thus, with increasing prevalence of asthma the overlap between positive test results increased.
The agreement between any two tests was expressed as Cohen's K in subjects with asthmalike symptoms (n = 100). Fair agreement was found between PD15 and the exercise test (K 0-38, 95% CI 0-18 to 0 58). With all other pairs, agreement was even weaker (K<0-25) and not statistically significant. Equivalent results were obtained if steroid-treated subjects were disregarded.
The dichotomised test results on all four tests for the 100 subjects reporting asthmalike symptoms were submitted to a four-way contingency table analysis. Fortunately, the third order and all four second order interactions were insignificant (X2 = 6A47, df= 5, p = NS). Based on the test result in the other two tests, the associations between exercise provocation and FEV,%, PEF variability and methacholine provocation, and PEF variability and FEV1% were all insignificant (X2<0.9 df= 1, p =NS for all pairs). The strongest association was found between methacholine provocation and exercise provocation (x2 = 17x75, df= 1, p<00001), and the associations between PEF variability and exercise responsiveness and between baseline spirometry (FEV,%) and methacholine responsiveness were also significant (X2 = 5.00, df= 1, p<0 05 and X2=7-06, df= 1, p<001, respectively).
Quantitatively identical results were obtained when steroid-treated subjects were excluded from the contingency table analysis.
Of the 52 probable asthmatic subjects 50 0% had only one positive test, 30-8% had two, and 15x4% had three tests positive. Only 3x8% were identified by all four tests (fig 2) . Most of these symptomatic subjects who had a positive test result with either PEF monitoring, exercise provocation, or baseline spirometric testing were also identified by the methacholine test (58x8%, 80X0%, and 71-4%, respectively). The methacholine test identified the highest proportion of probable asthmatics (75 0%). PEF monitoring identified a further 1 3X5% (totalling 88 5%), and exercise testing and spirometric volumes each added 7-7% (totalling 82 7%). Among the probable asthmatics not receiving steroids, PEF monitoring added 18-4% to the 68-4% identified by methacholine provocation alone, totalling 86-4%.
Discussion
This population based study evaluates the interrelationships between diagnosed asthma, asthma-like symptoms, and abnormal airway behaviour assessed by several tests not previously compared within one study (baseline spirometry, PEF variability, and bronchial responsiveness to exercise and to methacholine). To obtain a large number of symptomatic subjects with a limited sample size, some of our subjects were selected on the basis ofpreviously reported risk factors for asthma. Because no difference could be found between randomly selected subjects and the risk group regarding the proportional distribution of subjects with symptoms and/or positive test results, the reported interrelationships between symptoms and tests are likely to be similar in our original population. Due to selective sampling, however, the frequency of symptoms, diagnosed asthma, and positive test results in the present sample cannot be taken as estimates of the corresponding population prevalences. The prevalences of diagnosed asthma and asthma-like symptoms in our random sample (7% and 23%, respectively (unpublished data)) were in keeping with previous studies. 3 The use of various tests of abnormal airway behaviour in epidemiological studies offers the possibility of an objective assessment of airway lability associated with asthma. For interstudy comparability, however, tests must conform to common standards of performance and interpretation. Our test protocols for baseline spirometric tests and for bronchial provocation with methacholine were in keeping with recently published European guidelines.'8 Exercise testing was performed in ambient air with a relative humidity exceeding 50% in about half the tests, and measurements were terminated 10 minutes after exercise. Our results may thus suggest a lower prevalence of exercise-induced asthma than when tests are performed strictly according to current guidelines which recommend less than 50% relative humidity. '8 The effect of extending the observation period from 10 to 15 minutes as recommended is marginal. '9 In our hands the Two-lowest % mean PEF variability index compares favourably with the often used Amp % mean index,'0 but it has not yet been tested by others.
In the present study, 95th (or 5th) percentile cut off values in asymptomatic subjects were used throughout in order to balance the specificity of the tests compared.
For ethical reasons treatment with inhaled steroids was not stopped before testing. In contrast to PEF hypervariability, which can be quickly and effectively reduced by inhaled steroids, normalisation of airway hyperresponsiveness may not be possible even after long term treatment."2 In our cross sectionally sampled asthmatic subjects, a similar effect was demonstrated using three-way contingency table analysis, indicating that PEF hypervariability was relatively less likely than methacholine hyperresponsiveness in subjects treated with inhaled steroids compared with those who were not. Spontaneous variations in airway calibre may therefore be more closely related to bronchial inflammation than the response to non-specific external stimuli such as methacholine or histamine. However, exclusion of steroid-treated subjects did not improve intertest agreement, probably because this also excluded the most severely affected asthmatic subjects. The present discussion is therefore based primarily on results from the whole sample.
In the absence of a "gold standard" for asthma, an evaluation of the potential of the contribution of each test to the diagnosis may be based on adapted measures of test performance -for example, predictive values for related symptoms and the sensitivity for physician-diagnosed asthma. Substitute indices of test performance should be interpreted with care and, in the present study, such indices are intended for intertest comparisons only.
Of our four tests, methacholine provocation performed best in terms of estimated predictive values and sensitivity and had intermediate specificity. Methacholine provocation was responsible for most of the positive tests, and about 25% of our probable asthmatic subjects were only identified by the methacholine test. Slightly higher specificities were found for the exercise provocation test and for baseline spirometric testing (FEV,%), but these tests had lower positive predictive values, much lower sensitivities, and recognised few probable asthmatics not identified by methacholine provocation alone. In contrast, PEF monitoring added 14-18% to the proportion of probable asthmatics identified by methacholine alone. Furthermore, there is a potential for improving the sensitivity of PEF monitoring by symptomdriven measurements because the degree of airways obstruction in asthma is highly variable with time.22 However, PEF monitoring had the lowest positive predictive value for symptoms and the lowest specificity for diagnosed asthma among all tests, indicating a high prevalence of false positive results despite careful instruction and a three day training period. The negative predictive value was similar for all four tests (74-80%), indicating no major differences between tests in their ability to rule out asthma or asthma-like symptoms. Clearly, asthma should not be diagnosed in the absence of symptoms,23 and specificity may improve dramatically if only symptomatic subjects are considered.
The overlap between the four tests increased with the increasing likelihood of asthma (from the total sample to symptomatic subjects to those with diagnosed asthma), indicating that asthmatic subjects do share a common set of characteristics identifiable by the tests applied. However, even in symptomatic subjects the overlap between subjects with abnormal test results by the various tests was low (fig 2) . The resulting weak agreement between tests (all K values <0.40) suggests that these tests, to some extent, reflect different abnormalities of the airways. This view is supported by previous studies that have shown small overlap between subjects with various positive tests including PEF monitoring, 910122024 bronchial provocation with exercise" 1225 or methacholine (or histamine),9-1120 21 24 25 and baseline spirometry. 202124 pattern of association between the four tests used indicates that the exercise provocation test and the methacholine provocation test measured similar aspects of airway pathophysiology, and that PEF variability and the FEV1% described two other aspects of airway pathophysiology.
PEF variability and responsiveness of the airways to methacholine therefore seem to identify different types of abnormal airway behaviour. The exercise test and baseline spirometric test did not provide much additional information. Although the presence of diagnosed asthma and asthma-like symptoms was best predicted by the methacholine test, additional testing with PEF monitoring may be helpful.
